Corrosion inhibition properties of eugenol derivatives have been elucidated by means of density functional theory at B3LYP/ 6-31G(d) level of theory. The quantum chemical parameters including the highest occupied molecular orbital (E HOMO ) and lowest unoccupied molecular orbital (E LUMO ), gap energy (∆E gab ), ionization potential (I), electron affinity (A), the absolute electronegativity (χ), hardness (η), softness (σ), and the fraction of electron transferred (ΔN) are studied for investigating the corrosion inhibition performance of acetyleugenol derivatives. Effect of electron donating and withdrawing groups has been studied on the corrosion inhibition performance of acetyleugenol derivatives. The NH 2 (electron donating substituent) exhibits the highest inhibition efficiency, whereas the NO 2 (electron withdrawing substituent) exhibits the lowest inhibition efficiency. This study would have a significant contribution in designing highly potential eugenol based corrosion inhibitors.
Introduction
Eugenol is obtained from clove plant which is native to Indonesia. A part of being the biggest consumer, Indonesia also supplies 75% (two thousand metric ton) of the world demand on eugenol, isoeugenol and methyl eugenol yearly. Eugenol is viscous yellowish liquid, slightly soluble in water and easily dissolved in organic solvents. Eugenol is widely applied in perfumery, manufacturing stabilizers, antioxidants for plastics rubbers, dentistry, anesthetics, analgesics, anti-inflammatory agents and flavoring agents and corrosion inhibitor.
Considerable effort has been devoted to studying the metallic corrosion inhibition properties of eugenol and its derivatives (Chaieb et al., 2005; Kinani et al., 2014) . The experimental work investigated the effect of eugenol and its derivative (acetyleugenol) on the corrosion inhibition of steel in 1 M HCl solution (Chaieb et al., 2005) . It was observed that the extracts reduce the corrosion rate of steel in 1 M HCl significantly. The acetyl substituent attached to the eugenol change the corrosion inhibition efficiency. The inhibition efficiencies were found to increase with eugenol and acetyleugenol extract concen-trations and attained 80 % and 91 % at concentration of 0.173 g/L, respectively. This implies that acetyleugenol is more active to the surface as compared to eugenol due to the presence of the carbonyl group.
Currently, intensive efforts to gain high-efficiency, facile and feasible use of the corrosion inhibitors still a very active research area. Moreover, with increased awareness of the importance of the green chemistry applications in term of environmental pollution and control, it becomes significantly important to search for less toxic, readily available in plenty and environment-friendly corrosion inhibitors. Eugenol and its derivatives are one of the main candidates for the green corrosion inhibitor. With the help of theoretical calculations, eugenol corrosion perfor-mance can be studied more accurately and in a relatively short time. Several theoretical studies show that the corrosion inhibition properties of organic compound toward metal surface can be obtained by fast and accurate quantum-chemistry investigations (Cruz et al., 2004; Hadisaputra et al., 2016; Kabanda et al., 2013; Khaled and Al-Qahtani, 2009; Li et al., 1999; Liu et al., 2011; Musa et al., 2010; Obot and Obi-Egbedi, 2010) . In this work, we use quantum chemical calculations to study the corrosion performance of acetyleugenol derivatives, mainly studied the effect of substituent groups on their corrosion performance.
Material and Method

Materials
Acetyleugenol derivatives, including electron donating and withdrawing substituent (NH 2 , OH, -CH 3, -COOH, -F, -NO 2 ) as depicted in scheme 1.
Method
All the density functional theory (DFT) calculations have been performed with Gaussian 03 suit of quantum chemistry code (Frisch et al., 2004) . The complexes were optimized using DFT method at B3LYP/631G(d) level of calculation. The optimized structures in all cases correspondding to the minimum energy point of the potential energy surface because no imaginary frequencies were found. The corrosion inhibition efficiencies were calculated and it was defined as:
Where I add .% is the percentage ionization potential of the substituted phenyl compounds, I eadd .% is the inhibition efficiency % of the experimental compound, and IE theor .% is the theoretically calculated percentage inhibition efficiency (Obayes et al., 2014) . Corrosion dominantly occurs in the solution, therefore solvent effects were included using the PCM as implemented in the default Gaussian code using a dielectric constant of 78.4 for water. Structure reoptimizations in the presence of the solvent were found to have a minor influence on energetics (Hadisaputra et al., 2012 (Hadisaputra et al., , 2014b (Hadisaputra et al., , 2014a . Therefore, the single-point approach has been employed in this study, as it allows computational costs to be minimized without sacrificing much accuracy in solvation energies.
Results and Discussion
In this study, two different types of the electron donating (R = -NH 2 , -OH, -CH 3 ) and electron-withdrawing (R = -COOH, -F, -NO 2 ) groups added to the framework of eugenol as shown in Scheme 1. The optimized structure of derivatives acetyleugenol is shown in Figure 1 . The optimized structures were obtained using Cs conformation.
Scheme 1 Molecular structures of the studied acetyleugenol (A)
and the studied acetyleugenol derivatives (B).
The frontier molecular orbitals related to the reactivity of the acetyleugenol and its derivatives in gas and solvent phase are reported in Table 1 and Table 2 . The interaction between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of reacting species lead to the transition of the electron within molecules. The transition of the electron in the form of electron donation and acceptation is measured by the energy value of molecular orbitals. The energy of the highest occupied molecular orbital (E HOMO ) indicates the tendency of molecule towards the donation of the electron (Boda et al., 2012; Koopmans, 1934) . The higher values of E HOMO the higher the adsorption of the inhibitor on metal surfaces and therefore better inhibition efficiency. The energy of the lowest unoccupied molecular orbital (ELUMO) indicates the ability of the molecule to accept electron. The increasing HOMO and decreasing LUMO energy values relate to increasing binding ability Fig. 1 . Selected molecular orbitals, HOMO and LUMO of the studied AE, AE-NH 2 and AE-NO 2 using the DFT/B3LYP method of the inhibitor to the metal surface. From Table 1 , it can be seen that the E HOMO for the acetyleugenol and six compound models in gas phase follow the order of NH 2 > CH 3 > OH > H > COOH > F > NO 2 . The E HOMO value of AE-NH 2 is -5.4098 eV which is the highest value among other molecules, in contrast, the E HOMO of AE-NO 2 -6.6050 eV exhibit the lowest E HOMO value. It predicts that AE-NH 2 has the highest inhibition efficiency than the other compounds. Meanwhile, AE-NO 2 contributes to the lowest inhibition efficiency. The similar trend is also found in the solvent phase where the electron donating substituent increases the inhibitor efficiency and in contrast, the electron withdrawing substituent reduces the inhibition efficiency.
In order to give a clear view of the frontier molecular orbitals, the visualization of molecular orbitals calculated by the DFT method is depicted in Fig. 1 . It shows clearly that there are different in electron distribution between two selected compounds, AE-NH 2 and AE-NO 2 . The electron distribution of AE-NH 2 is concentrated in multiple π electrons of benzene, as a result, AE-NH 2 more capable of binding toward metal surfaces compared with AE-NO 2 . The electron distribution of AE-NO 2 spread out over the molecule so that it has lower capability toward metal surfaces.
Ionization can be used to describe the chemical reactivity of atoms and molecules. High ionization energy indicates high stability of atoms and molecules while low ionization energy indicates high reactivity of the atoms and molecules (Foresman and Frisch, 1996; Ghosh and Islam, 2011) . Table 1 shows that the ionization energy trends follow the trend of HOMO energy. Generally, AE-NH 2 has lower ionization energy than that of AE-NO 2 . It can be seen from the ionization energy value of AE-NH 2 is 5.5383 eV which smaller than the ionization energy of AE-NO 2 6.4992 eV and other studied molecules. It predicts that AE-NH 2 has the better inhibition efficiency than the other compounds. The gas phase ionization potential trend correlates positively with the solvent phase trend in which the electron donating substituent increases the inhi-bitor efficiency contrast, the electron and in withdrawing substituent gives opposite result. Table 1 also shows the positive correlation between the quantum chemical parameters trend: the electronegativity trend follows the order of frontier molecular orbitals and ionization poten-tial: NH 2 > CH 3 > OH > H > COOH > F > NO 2. It is clearly seen that the electronegativity value of AE-NH 2 is 2.8009 eV which smaller than the electronegativity of AE-COOH and AE-NO 2 , 3.8284 eV and 4.4961 eV respectively. The similar trend also found for solvent phase. According to Sanderson's electronegativity equalization principle (Sanderson, 1976) , AE-NO 2 groups with a high electronegativity quickly reach equalization and hence low reactivity is expected which in turn Indicates low inhibition efficiency. In contrast, AE-NH 2 with a low electronegativity and high reactivity which in turn indicates high inhibition efficiency. The numbers of electrons transferred (ΔN) was also presented in Table 1 and Table 2 .
The ΔN values agree with Lukovits's study (Lukovits et al., 2001 ). If ΔN < 3.6, the inhibition efficiency increases by increasing electron-donating ability of these inhibitors to donate electrons to the metal surface. It increases in the following order: NH 2 > CH 3 > OH > H > COOH > F > NO 2 .
The ΔN values correlate positively with the inhibition efficiencies. Thus, the highest fraction of electrons transferred is associated with the best inhibitor (NH 2 ), while the least fraction is associated with the inhibitor that has the least inhibition efficiency (NO 2 ). Table 2 depicted the calculated inhibition efficiency IE% acaetyleugenol (AE) and six mo-dels determined using DFT method at the B3LYP level. The results demonstrate Fig. 2 . Correlation between the number of electrons transferred (∆N) and the corrosion inhibition efficiency (IE%) of acetyleugenol (AE) and six models determined using DFT method at the B3LYP level.
that the addition of electron withdrawing nitro (NO 2 ) substituent within the framework of acetyleugenol lead to a decrease in inhibition deficiency. By contrast, the addition of electron donating amine (NH 2 ) group led to an increase in inhibition efficiency. It is shown that the most efficient inhibitor was model AE-NH 2 , which displayed an inhibition efficiency of 99.83 % in solvent phase. The inhibition efficiency of AE was 91.00 % and it improves significantly with the addition of amine group. The correlation between the the number of electrons transferred (∆N) and the corrosion inhibition efficiency is depicted in Figure 2 . A good linear correlation has been identified between the number of electrons transferred (∆N) and inhibition efficiencies for gas and solvent phase, r 2 = 0.9636 and r 2 = 0.8821, respectively.
Conclusion
A DFT study has been performed to study the corrosion inhibitor properties of acetyl eugenol (AE) and six AE derivatives. Quantum chemical parameters: the highest occupied molecular orbital (E HOMO ) and lowest unoccupied molecular orbital (E LUMO ), gap energy (∆E gab ), ionization potential (I), electron affinity (A), the absolute electronegativity (χ), hardness (η), softness (σ), and the fraction of electron transferred (ΔN) calculated using DFT/B3LYP 6-31G(d) level of theory. The results demonstrate that the addition of electron donating substituent (NH 2 ) exhibit the highest inhibition efficiency and the electron withdrawing substituent (NO 2 ) exhibit the lowest inhibitor efficiency. The positive correlations are also depicted from quantum chemical parameters and inhibitor efficiency values. This theoretical approach would contribute to the design of new corrosion inhibitors with improved efficiency.
